ABSTRACT: Systematic americyl-hydration cations were investigated theoretically to understand the electronic structures and bonding in [(AmO 2 )(H 2 O) n ] 2+/1+ (n = 1−6). We obtained the binding energy using density functional theory methods with scalar relativistic and spin−orbit coupling effects. The geometric structures of these species have been investigated in aqueous solution via an implicit solvation model. Computational results reveal that the complexes of five equatorial water molecules coordinated to americyl ions are the most stable due to the enhanced ionic interactions between the AmO 2 2+/1+ cation and multiple oxygen atoms as electron donors. As expected, Am−O water bonds in such series are electrostatic in nature and contain a generally decreasing covalent character when hydration number increases.
■ INTRODUCTION
In the past several decades, a rapid increased resurgence of nuclear power in many countries for the goals of ensuring sustainable energy supplies has raised a possible hazard to the environment due to the problems of the radioactive waste and has increased the handling and reprocessing challenge of spent nuclear fuel and high-level nuclear waste. 1−5 Especially, the long-term radioactivity of nuclear waste repositories is one of the main issues at stake and is in part determined by the presence of minor actinides, namely, americium (Am) and curium (Cm), with the half-life t 1/2 = 7370 year for 243 Am and t 1/2 = 340 000 year for 248 Cm. 6, 7 During the actinide waste storage, transportation, and separation, water is unavoidable. Therefore, the characterization and identification of the behavior of actinide ions in solution is of particular practical importance in addition to the fundamental actinide chemistry, such as the dynamics between the coordinated water molecules and the bulk solvent and the coordination flexibility of actinyl ions. 8 So, the solution chemistry of actinide complexes has been considerably explored in experiment and theory; especially, the hydration of actinide ions has been widely investigated. 9−12 However, such studies have mostly focused on early actinide ions due to their relatively substantial quantities and extensive applications. The uranyl UO 2 2+ ion, for example, has received a large amount of interest because of its importance for environmental chemistry of radioactive elements and its role as a benchmark system for heavier actinides. 13 Experimentally, direct structural information on the coordination of uranyl in aqueous solution has been mainly obtained by extended X-ray absorption fine structure or X-ray absorption near-edge structure measurements. 9, 14, 15 Theoretically, the structural investigation has been performed via various ab initio studies of uranyl and related molecules, with a number of explicit water molecules or with a polarizable continuum model to mimic the environment over the past years, such as [UO 2 29 In addition, the understanding of the coordination chemistry of americyl ions in solution can present the essentials to detect, characterize, and differentiate this metal ion from transition metals or lanthanide metals through the coordination characteristic. Hence, we will focus on speciation of the americyl ions (AmO 2 2+ and AmO 2 1+ ) in this paper, bridging the gap between the wide-established early actinides and the more complicate later actinides. However, an accurate description of solvent effects of the actinide complexes is inherently difficult due to their complicated electronic properties and the challengeable aqueous environment to theoretical chemists. There are two typical quantum chemistry strategies used to incorporate the solvent effects on the geometry and energy of the actinide complexes in aqueous solution. One is molecular dynamics simulations approach with a discrete model, where a number of explicit solvent molecules are included and treated at the same level of theory as that used for the solute. 30 Although this supermolecule requires a substantial computational expense, the understanding improvement of the structural and chemical behavior of actinyl in solution is inconsequential because this method employs empirical potentials affecting the accuracy significantly, especially for those transplutoniums having few experimental data available. Another approach is the polarizable continuum model, where the solvent is described by a dielectric polarizable continuum. 31 This model has shown a good agreement with experimental results on the geometric and electronic structures in actinyl−water complexes, 15 where uranyl, neptunyl, and plutonyl coordinated to five water ligands in the equatorial plane have been computationally confirmed. 13, 32 In this contribution, we report a systematic investigation on the chemistry of hydrated americyl ions in the
2+/1+ (n = 1−6) complexes using a suite of computational modeling and various bonding analysis methods. We address the equilibrium structures of
2+/1+ , as well as the hydration number of americyl ions and the bonding nature of americium ions and oxygen atoms. In addition to the knowledge for the periodicity in bonding properties, the influence of aqueous solvation of
2+/1+ (n = 1−6) will provide a scientific comprehension to the actinide solution chemistry.
■ RESULTS AND DISCUSSION
The static structures of hydrated complexes of AmO 2 2+/1+ with one to eight water ligands have been regularly investigated via geometry optimizations in gas phase and in aqueous phase at the B3LYP/Am/ECP60MWB_SEG//O,H/cc-pVTZ level with or without the conductor-like screening solvation model (COSMO) method. First, concerning the water hydrogens lying either in the planes or perpendicular to the planes defined by the O yl AmO yl , two possible gas-phase symmetric arrangements of water molecules for [AmO 2 Figure S1 , the one with hydrogens perpendicular to the plane has one imaginary vibrational frequency (428i cm −1 ) showing the rotation of water ligand, indicating its instability compared with the one with hydrogens lying in the plane. Besides, the starting structure of
2+/1+ has been assumed as a first-shell coordination number of seven when seven water molecules are bonded to AmO 2 2+/1+ , in which the seven equatorial water ligands lie rigorously in the equatorial plane. After optimization within density functional theory (DFT), seven water molecules have been arranged into two coordination shells; there are five water molecules in the first shell with a relatively shorter Am− O w distance of <2.5 Å and two water molecules in the second shell at a longer distance of >4.4 Å. Therefore, the hydration number of AmO 2 2+/1+ in the first shell is predicted to be less than seven. In addition, the optimized structural parameters and calculated binding energies of [AmO 2 (H 2 O) n ] 2+/1+ (n = 1−6) in the gas phase and aqueous solution on the basis of different levels of theory are listed in Tables S1−S4. As clearly  shown in the Tables S3 and S4, the energy 2+/1+ relative to the isolated americyl and free water molecules favors the formation of a maximum of five water ligands in the equatorial plane in the first hydration shell. This five-coordination structure has been commonly observed in other actinyls in water environ- 2+/1+ (n = 1−5) in aqueous solution using the COSMO solvation model are listed in Table 2 and shown in Figure 1 . 2+ complexes from 2.260 Å at n = 1 to 2.460 Å at n = 5 implies the reduction of bond strength and the weakening of bonding interaction of each Am−O w bond along with increasing hydration numbers. Although each of the Am−O w bonds is not particularly strong in comparison to Am−O yl multiple bond, the overall bonding interaction is substantial, as indicated by significant binding energies (Table  1) and by the extreme redshift in the americyl asymmetric stretch frequency (Table 3) .
For , which provides extensive Am 5f → O w 2p back-bonding, involving donation from an Am 5f ϕ orbital into in-plane O w 2p orbitals, thus leading to a three-center interaction. The effectiveness of the O w 2p → Am 5f6d dative bonding and Am 5f → O w 2p back donation is less obvious in [AmO 2 1+ complexes, largely ascribed to the differences responding to the polarization of the hydration upon solvent inclusion. In essence, the solvent polarity is more effective in those complexes with larger polarity. As listed in 2+/1+ , four water molecules bonded to the center americyl are perpendicular to the equatorial plane and the fifth coordinated water molecule arranges within the equatorial plane where the dihedral angle between the equatorial water ligands and the equatorial plane is 0°( Figure  1) decreases gradually from 2.05 at n = 1 to 1.88 at n = 5, whereas the Am−O w bond order decreases from 0.39 at n = 1 further to 0.19 at n = 5, suggesting there is a general decrease in Am−O bond strength with an increasing hydration number. In addition to the bond order, the effective atomic charges on Am and O w ions can imply the variation of the ionicity of the Am−O w bond. Several charge analyses were carried out on the B3LYP stationary structure in solution via COSMO. Although the absolute values are different on the basis of different methods used, the trend is the same. As listed in Table 4 complexes, which is in good agreement with the bond order analyses, indicating an ionic An−O w bonding interaction. Generally, the Am ions become less charged and both O yl and O w atoms become more charged along with the increase of the hydration number, i.e., the calculated Hirshfeld charge of Am decreases from +2.06 |e| in pure AmO 2 2+ to +1.77 |e| in monoaqua and further to +1.11 |e| in penta-aqua, accompanied by an increased charge of each O yl atom from −0.03 |e| to −0.21 |e|; this is due to the charge rearrangement of americyl unit upon inclusion of explicit water in the first shell and implicit water by COSMO, which is in good agreement with the study of [UO 2 (H 2 O) m (OH) n ] 2−n . 34 The averaged Hirshfeld charges of O w atoms becoming greater from −0.15 |e| to −0.21 |e| suggests overall increasing of electron back donation into O w ligand, thus leading to the Am−O yl bond weakening with an increasing hydration number. In addition, the decreased electron density localized on americyl unit listed in Table 4 indicates that the charge transfer is from americyl unit to water ligands, owing to the Am-to-O w back donation. Furthermore, the formal Am oxidation state of +VI and +V is not apparently affected by the hydration number in these [AmO 2 (H 2 O) n ] 2+/1+ complexes via population analyses. To better understand the orbital interactions, Figure 2 shows the Kohn−Sham MO energy levels of [AmO 2 (H 2 O) n ] 2+ at SR-PBE/TZ2P level. In the linear AmO 2 2+ moiety due to Am−O yl bonding, the Am 5f and 6d orbitals transform as 5f u and 6d g species, respectively. Upon dative coordination with the water oxygen atoms in the equatorial plane, the Am−O w orbital interactions cause to 6d g level further destabilization. While both dδ g and fδ u −fϕ u orbitals lie around the equatorial plane, the Am−O w orbital interactions mainly affect the 6d orbitals, indicating that the coordinated water molecules only slightly interact with the "nonbonding" contracted 5f orbitals. This bonding module is in good agreement with the well-known bonding principle proposed for actinides by Bursten, the FEUDAL ("f's are essentially unaffected, d's accommodate ligands"). 3 (Tables 6 and 7) show that electrostatic ionic interaction (ΔE elstat ) accounts for almost 2/3 contribution to the total bonding energy (ΔE int ), playing more significant roles than those of orbital interaction (ΔE orbital ). The decreasing trend of both electrostatic interactions and covalent orbital interactions are the same as those of bonding energies, that is, generally increasing with the hydration number from monoaqua toward penta-aqua. The change of ΔE elstat or ΔE orbital is not significantly in tetra-aqua and pentaaqua, reflecting that the variation of both ionic and covalent interactions with the increasing number of the water molecules becomes smaller in aqueous solution. In contrast to the monotonous increase of ΔE elstat or ΔE orbital , the Pauli repulsion increases remarkably from 65.3 kcal/mol in monoaqua to 159.6 kcal/mol in tetra-aqua, then declines to 151.4 kcal/mol in penta-aqua, indicating the formation of the stable pentaaqua. The ETS−NOCV analyses additionally reveal the intrinsic bonding mechanism in terms of the contributions to the orbital interactions. The results of some representative contributions for [AmO 2 (H 2 O) n ] 2+/1+ are listed in Tables 6  and 7 , and their deformation densities describing the density inflow are shown in Figures 3 and 4 2+/1+ complexes in terms of the orbital interaction, which is decomposed into two types (π-type and σ-type) with several terms, taking orb1− orb3 as examples, providing energetic stabilizations of ΔE orb1 = −29.2 kcal/mol, ΔE orb2 = −14.4 kcal/mol, and ΔE orb3 = −6.4 kcal/mol, respectively. These natural orbitals denote the typical π-or σ-type orbital interactions achieved via two fragments of americyl and water molecules, relating to the Am 5f6d-hybridized atomic orbitals and π-MOs of water molecules contributed by O w 2p atomic orbitals. Note that consistent with the reduced trend of bonding energy of each Am−O w bond across the series, the trend of the donation character is also decreased accompanied by a decrease of major orbital contributions and a slight lengthening of Am−O w bonds. The composition of the stabilization energy of each Am−O w bond in [AmO 2 (H 2 O) n ] 2+/1+ complexes is small, but the summarization is substantial and increases across the series. Therefore, the orbital interactions between the An 5f6d hybrid orbitals 2+/1+ complexes beyond electrostatic ionic interaction but also effectively supporting the weak bonding characteristics of 5f orbital, which is consistent with the ELF result shown in Figure 5 and with the NLMO analyses (listed in Table S5 ).
Considering that the Am−O w dative bond and back donation were observed from density deformation analyses, NLMO calculations were further explored to describe the extent of this bonding interaction. The localized σ-and π- 2+/1+ complexes across the series can only be explained as a result of the water coordinates inducing the increased electrostatic energy. Noticeably, the Am 6d participating in the dative oxygen bonding plays an important role over Am 5f due to both more 2+/1+ into bent; (2) the reduced dative bonding affects the Am−O w bond length and bond order across the series; (3) the small back-bonding donations of Am 5f → O w 2p decrease the population of americium ions. As noted, the implicit solvation model is unable to provide the dynamics information of actinide ions in solution or the exchange of ion-influenced solvent molecules with the bulk, which is important to some extent in practical application. Further quantum mechanics/molecular mechanics molecular dynamics simulation with explicit solvent is necessary to study statistically the equilibrium between americyl and water in different coordination shells. We hope that this investigation represents only the beginning of long-term research relevant to the mission in spent fuel reprocessing of the transplutonium, in addition to enriching our knowledge of actinide coordination chemistry.
■ METHODOLOGY
The calculations on the open-shell americyl complexes were carried out with unrestricted Kohn−Sham wave functions. As known, the molecular orbital (MO) diagram of pure americyl is similar to that of uranyl: the combinations of the 2p orbitals of the two oxygen with the 6d orbitals of the americium atom form occupied bonding orbitals, whereas the combinations of the O 2p orbitals with the 5f manifold orbitals of the actinide atom result in nonbonding δ u and ϕ u orbitals and antibonding σ u * and π u * orbitals; the corresponding bonding σ u and π u orbitals are found to have rather small 5f contributions. In AmO 2 2+ and AmO 2 1+ , the americium has the configurations 5f 3 and 5f 4 , respectively, and these electrons are spread in the nonbonding 5f δu and 5f ϕu orbitals. Following Hund's rule, the ground electronic states of hexavalent and pentavalent Am ions have been found to be of a high-spin character, that is, f δ Σ electronic states for AmO 2 2+ and AmO 2 1+ , respectively. The spin−orbit coupling (SOC) effects should be considered during the calculations of the electronic structures of americyl complexes in solution. 37 The scalar relativistic DFT calculations were performed with the Gaussian 09 and ADF 2017 softwares 38−40 for the geometry optimizations and vibrational frequency analyses. First, for geometry optimizations by the Gaussian code, we used the scalar relativistic Stuttgart energy-consistent relativistic 32 valence electron pseudopotential and the associated ECP60MWB_SEG valence basis set 41, 42 for the americium atom. The split-valence triple-ζ basis sets with polarization functions (cc-pVTZ) 43, 44 were used for the oxygen and hydrogen atoms. The B3LYP hybrid density functional 45, 46 was used in these calculations. The solvent effects were approximated using the Gaussian 09 implementation of the conductor-like screening solvation model (COSMO) solvent model, 47, 48 where the solute is embedded in a shape-adapted cavity consisting of interlocking spheres centered on each solute atom or group. The combination of these pseudopotentials and basis sets with this functional (labeled as B3LYP/ Am/ECP60MWB_SEG//O, H/cc-pVTZ level) has been shown to give accurate predictions of the properties and reaction energies of actinide complexes. 19, 20 At the same B3LYP theory level, vibrational frequency calculations were further performed to ensure that all force constants should be positive and all frequencies should be real. Ultrafine integration grids and very tight optimization were applied. The spin− orbital symmetry restrictions were relaxed, performing spinunrestricted UDFT calculations.
The coupled cluster with singles, doubles, and perturbative triples (CCSD(T)) method 49−51 in MOLPRO 2012 program 52 was used for single-point calculations on the optimized aqueous-phase B3LYP geometries to check whether the ] shells of the O atoms. The B3LYP combined with slater basis sets of triple-ζ plus two polarization function (TZ2P) quality were applied. 55 Single-point calculations were carried out on the B3LYP/Am/ECP60MWB_SEG//O H/ccpVTZ optimized aqueous-phase structures to determine the charge distribution and bond order. The bond order analyses based on the Mayer method, 56 Gopinathan−Jug indices, 57 and Nalewajski−Mrozek method 58, 59 were performed. The charge analyses based on the Mulliken method, 60 Hirshfeld analysis, 61 Voronoi deformation density (VDD), 62 and multipole derived charges (MDC) 63 were calculated as well. The energy decomposition analyses (EDA) based on canonical molecular orbitals and theoretical analyses via combined extended transition state (ETS) with the natural orbitals for chemical valence (NOCV) theory 59,64−66 were carried out. The electron localization functions (ELF) were calculated to investigate the feature of the weak dative bonding. Weinhold's natural bond orbital (NBO) 67 and natural localized molecular orbital (NLMO) 67−70 analyses were performed at the B3LYP/6-31G* level 71 on optimized geometries from B3LYP calculations by using the NBO 5.0 program. 72, 73 In further geometry optimizations, the generalized gradient approximation with the PBE exchange−correlation functional 74 was used in ADF 2017. Scalar (SR) and SO relativistic effects were accounted by applying the same stratagem as detailed in the above paragraph. The effects of water considered by COSMO were determined using single-point energy calculation on gas-phase structures. The atomic COSMO-default radii 210.0 pm was used. 
